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INTRODUCTION 
The problem of the measurement of the thickness of the individual acoustically 
thin layers in multilayered structures has received considerable attention. In most cases, 
the difficulties of the measurements are due to the multiple reflection from the boundaries; 
hence the problem is usually solved in the frequency domain where the resonance structure 
of the frequency response is analyzed [1]. In the case of polymer structures the problem 
of the inversion of the ultrasonic data for the thickness of all layers is complicated by the 
high ultrasonic absorption and weak reflection from the internal boundaries. The other 
difficulty is the curvature of the specimen affected by the measurement [2]. The difficulties in 
carrying out such characterizations stem from the fact that the received signal is dependent not 
only on the acoustic properties of the layers, but also on the orientation, shape, surface 
properties, location and dimensions of the interfaces [3]. Distortion of the ultrasonic beam will 
take place if the interface is curved within the ultrasonic beam width. This distorts the 
geometry of the displayed structure, smears the resolution, and in the extreme case, can rise to 
duplicate image artifacts [4]. In the inspection of objects with a curved surface, the pulse 
interacts with complicated environments, the pulse spectral decomposition and synthesis is 
inapplicable because of difficulties associated with the response to each spectral component. 
Therefore, the interface between the different high absorptive layers in multilayered polymer 
composite, are not easy to observe and measure. The purpose of this study is to investigate 
the limits of the ultrasonic pulse-echo method in the frequency range between 10 MHz and 
25 MHz for the measurement of the internal layer thickness in a curved multilayered 
polymer structure. 
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EXPERIMENTAL MEASUREMENT OF CURVED STRUCTURES 
An advanced material for a gasoline tank consisted of five different polymer layers 
(see, Table 1) high-density polyethylene (HOPE) as a bottom layer; another HOPE with 
black pigment filler to absorb acoustical energy strongly as a upper layer; Ethylene Vmyl 
Alcohol Copolymer Resin (EVON) as a barrier layer; and polyethylene based ADMER 
resin as a glue layers on both sides of barrier EVON layer. 
The total thickness of (h) of a layered structure can vary from 2 mm to 10 mm 
keeping approximately the same relative thickness (h;) among the layers. Typical 
thickness of the five polymer layers and their longitudinal ultrasonic velocities (VI) are 
listed in Table 1. The evaluation of the thickness of thin internal layers is a problem that 
needs to be solved because of the critical protective role played by the barrier layer. 
Methods 
The ultra-short ultrasonic pulse method is specified mostly for in-depth 
examinations of materials [2-4]. The input signal is a single narrow pulse and the returning 
signal is generally a succession of the echoes. The remaining part of the input signal after 
part of them is reflected back from the sample surface, propagates through the specimen 
until it interacts with any interface in the interior, that will reflect the signal. 
The pulse method also realizes an adjustable time-delay gate. It's used to keep a chosen 
echo-signal, since the returning acoustic signal varies with the depth of penetration of the 
input signal. Therefore, the delay gate are usually used to study reflected signals from a 
particular chosen region or discontinuity and the frequency of ultrasound should be 
selected according to the given type of sample and the purpose of the investigation, with 
a compromise being made between the resolving power and the degree of penetration 
[1,6, 7]. 
Table 1. The acoustic properties of the polymer components. 
Material HDPE Adhesive Barrier Adhesive HDPE 
(virgin) ADMER EVON ADMER (regrind) 
h% 40 3 4 3 50 
VI Ultrasonic 
Velocity 2.36 2.16 3.20 2.16 2.35 
kmls 
Density 0.95 0.92 1.19 0.92 0.95 
kg 1m3 
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A typical pulse-echo method for measuring velocity and attenuation equipment 
arrangement is shown in Figure 1. A pulse signal of a given frequency is converted by 
means of a transducer into a pulsed ultrasonic wave of the same frequency. The ultrasonic 
pulse travels through the sample and is reflected between the sample boundaries until it 
decays away. Each time the ultrasonic pulse strikes the sample end coupled to the 
transducer, an electrical signal is generated which is amplified and displayed on an 
oscilloscope. 
Experiments were carried out with short probing pulses (pulse length was 1-3 
oscillations at frequency of 15 MHz and delay times range from 20 nsec to 80 nsec. 
These pulses are partially reflected back to the device whenever a material boundary is 
encountered. The received signal is stored in the PC memory where special computer 
software recognizes and separates the pulses reflected from barrier and glue interfaces. 
The device controller is based on a fixed point digital signal processor which provides 
appropriate control for all device circuits and performs pre-processing that is used to 
boost the signal to noise ratio. The sample is placed on the designed device that can band 
the sample to a different curvature. The whole device, with sample, is immersed in a 
water tank. A transducer, in a normal incidence, works as a transducer-receiver. 
The ultrasonic pulse propagates through the coupling fluid and is reflected on the 
water/sample interface to produce echo Sa. The part of pulse echo Sb, transmitted through 
the sample is totally reflected at the second interface, the up-HDPE layer and up-glue 
layer. Echo Sc is reflected at the third interface that is glue layer with barrier layer. The 
forth echo Sd is reflected from the fourth interface barrier layer and second glue layer. 
The echo Se is reflected from the fifth interface, the glue layer and bottom HDPE layer. 
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Figure 1. The Set-up for ultrasonic pulse-echo technique: 1. The up-HDPE layer, 2. The 
up-glue layer, 3. The barrier layer 4. The second glue layer, 5. The bottom HDPE layer. 
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Echo Sf is the last, reflected at the interface between the bottom HOPE layer and fluid 
(see Figure 2). 
If the pulse length is small compared to a round-trip transit time in the sample, a pulse--
echo decay pattern develops as shown in Figure 3. The velocity of ultrasonic wave 
propagation is determined by measuring the transit time between the reflected pulse and the 
corresponding pulse propagation distance in the sample. 
In our previous work, an ultrasonic short pulse acoustic microscope method was 
developed for measuring the internal layers in a layered polymer system [5]. This method 
has sufficient resolution to study the sample with a non-flat surface, especially in cases 
when radius of curvature is much larger than the acoustic wave length. 
THEORY. RAY-OPTICAL MODEL 
One of the difficulties associated with the study of this problem is that the interface 
between the HOPE layer and the adhesive layers is not obvious. Therefore an optimal 
focal distance for the focused lenses is necessary to carry out this study, especially for 
curved surface solids. 
The geometry of the ray model for a focused acoustic system is shown in Figure 3. 
The transducer, T generates a pulse which propagates normal to the sample surface. Spherical 
lens L is servered to focus the incident pulse into a focused covergent acoustic beam in a 
coupling fluid. The acoustic beam is reflected from the solid speicmen placed at a distance a 
from the focus spheriallens. F is the orignal focus point in the water, P in this case is the 
new real focus point in the sample and f is the focal distance of the lens. A short pulse with 
center frequency w is used as input and time gating in the recording device separates the 
reflected signal from other spurious reflections. The incident ray enters the sample at point Q. 
() is the angle between incident ray and lens axis. The sample's radius of curvature isR, with 
the center at point 0. Here m is the distance from the 
Figure 2. 1.TItrasonic signal recorded from oscilloscope. 
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curvature centre to the geometrical focus point and I is the distance from the sample surface 
to real focus point. Following Figure 3: 
m = R + a- I, 
1 = I-a-d. 
(1) 
(2) 
The incident ray crosses the sample surface at the point Q. The incident angle is a., and the 
reflected angle is Jl By Snell's law: 
sina Cw 
sinp = Cs 
where: C w is the ultrasonic velocity in the fluid, C s is the ultrasonic velocity in the solid. 
where: 
So, we have then: 
from 
m· q I = I - a - ------=---
k . P . sin fl - q 
I-a 
p=sinfl -Tsinfl. 
In our case, the angle flwhich is the aperture of the lens is fl~ 15· (for 20 MHz). 
(3) 
(4) 
(6) 
(7) 
The most common radius curvature is between the 40 mm to 50 mm. The focal lengths for the 
two lenses used are 19.00 mm for 20 MHz and 12.36 mm for 15 MHz. Usually the radius of 
curvature R is greater than the lens focal length f The distance from the lens to specimen 
swface a, is adjusted to get the best received ultrasonic pulse. In this case 0 < a < I, so, 
approximatelly p« I. Since k = Cs / Cw:::: 1.5, so 1t·1 « 1. 
r 
R 
Figure 3. The ray-optical model of focused lens with curved structure. 
1669 
On the other hand since angle () is very small, cos () ~ 1, then p . cos () ~ p. 
Then we look up equation 8: when p « 1, 1 - 1 ~ 1; 1 - Ii ·1 ~ 1, p' cos () 
is negligible. Then, the equation 8 will likely be : 
d = m· (k -1) R· (k -1) - (f - a)· (k -1) 
k+l k+l 
1 k-l 
Substituting equation (8) into equation (6), gives us: 1= (f - a)(1 + -) - (--)R , 
k+l k+l 
and finally we have: 
RESULTS 
Simulation 
l+k-I R 
a=f- k+l 
1 1+--
k+l 
(8) 
(9) 
The equation 9 is used for numerical simulation. We take into account that variation 
of acoustic velocities in each layer is less then 1 0010 (except barier layer with higher velocity, 
but its volume fraction is only about 3%). The ultrasonic velocity in the solid is taken to be the 
average velocity of the four differnet materials in the tested sample. The optimum distance 
from the lens to the surface depends only on the radius of curvature of the sample. We 
numerically predicted the optimal distance from the lens to specimen surface from the radius 
curvature and the approximate thickness of the specimen. The results are shown in Figure 4. 
We conducted a set of experiments to examine our theoretical calculations. The 
measurement of time-delay between two successive echoes allow us to calculate sample 
thickness. Let ~'ab , ~'bc, ~'cd, ~'de and ~'ef be respectively the difference in time 
delays of successive pulse echoes Sa, Sb, Sc, Sd, Se and Sf In this case: L = v x~" 
where: v - ultrasonic velocity, ~. - time delay between successive pulse echoes, L -layers 
thickness. 
Discussion 
For our experiment we used two transducer frequency / lens focal distance 
combinations: 15 MHz / 19 mm and 20 MHz /13 mm. The radius of curvature of the 
sample were: 30 mm, 36 mm, 50 mm, 60 mm, 80 mm, 85 mm, 93 mm and 134 mm. The 
numerical values reported as results are the average of ten measurements from optimal 
focus distance of the acoustic lens taken on specimen with a given radius of curvature. 
Figure 5 represents the results of calculation of different layer thickness corresponding to 
multilayer sample's various radii of curvature. Figure 5a shows the top HDPE layer 
thickness is increasing as the sample's radius of curvature is increasing. 
When the specimen has small radius of curvature, the specimen has been bent the 
most and the top layer of the specimen is stretched and thinned. When radius of 
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curvature of the sample is increased the top layer is extended less and the thickness is 
gradually increased close to flat one's.The barrier layer thickness is plotted against 
sample's radius of curvature. As seen in the Figure 5b, when the sample is flat, both 15 
MHz and 20 MHz lenses give a very close (0.386 mm and 0.387 mm) results. 
Figure 4 The optimum distance from lens to specimen suface. 
When the radius of curvature of the sample is increased to 134 mm, the measured 
value of the barrier layer thickness is very close to the data obtained from measuring the 
flat specimen. Figures 5c shows the bottom HDPE layer thickness decreases as the 
sample's radius of curvature increases. These figures clearly show that when the 
specimen has small radius of curvature the bottom layer of the specimen is compressed 
and thickened. When radius of curvature is increased, the bottom layer is compressed less 
and the thickness is gradually decreased close to the flat value. 
CONCLUSION 
Our experiments demonstrated sufficient spatial and depth resolution results for 
quantitative measurement of the individual internal plies in a curved multilayered sample. 
The comparison of our experimental results with various kind of lenses demonstrate the 
advantage for applying a focusing lens to measure curved solids. In this case, it is more 
concentrated on the particular small area, therefore more reflected signal from the 
materials interfaces are received by the transducer/receiver. 
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Figure 5. The layer thickness as a function of the radius of samples. 
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